Abstract Group-living animals rely on social skills which ensure beneficial interaction and prevent harmful ones with conspecifics. In a previous experiment, we demonstrated that male zebra finches reared in groups during adolescence show consistently less courtship and aggressive behaviour as adults than pair-reared males. Here we tested whether such differences affect how they group with conspecifics, as an indicator of their social integration. Zebra finches were kept in pairs (male-female or male-male) or mixed-sex groups (three males and three females) during adolescence and were introduced to an established group of unknown conspecifics during adulthood. Male courtship and aggressive behaviour were quantified directly after introduction to the group and 48 h later. At the same time, male position in relation to other birds and the number of birds in proximity were recorded. Males that grew up in a small mixed-sex group during adolescence spent more time within groups, were observed in bigger groups and lost less weight than males raised in pairs, indicating that an enriched social environment during early development may facilitate social integration. However, we observed no differences in courtship and aggressive behaviour that could predict the differences in grouping behaviour of pair-and group-reared males. We discuss alternative explanations for the difference in grouping and how to test these in future research.
Introduction
Individuals in group-living species are confronted with the problem that their own goals are not always compatible with those of other group members. Resolving this conflict requires the ability to perceive and process the given social information appropriately and to respond flexibly with behavioural strategies, ideally in a way that minimises their costs and maximises benefits. The degree by which an animal is able to respond adequately to its social environment is called its "social competence" which may be defined as a social trait that maximises an animal's Darwinian fitness (Oliveira 2009; Taborsky and Oliveira 2012 ).
An individual's social competence comprises social skills such as sensitivity to social hierarchies (Bergman et al. 2003) , the ability to adjust courtship and aggressive behaviour to the social context (Sachser and Lick 1991; Gersick et al. 2012) and the ability to integrate into a new group of conspecifics . Numerous experimental studies in humans and other mammalian and non-mammalian vertebrates have shown that such skills can be acquired during early ontogeny. In particular, the type and amount of social experience during this time can affect the adult animal's performance in socially challenging contexts (humans: Rose-Krasnor 1997; mammals: Benus and Henkelmann 1998; Ferris et al. 2005; Sachser et al. 2011; birds: Adkins-Regan and Krakauer 2000; Lauay et al. 2004; White et al. 2007 ; fish: Chapman et al. 2008; Arnold and Taborsky 2010; ).
During adolescence, described as the "gradual period of transition from childhood to adulthood" (Spear 2000) , the social environment changes drastically in most species since individuals become independent from their parents and start to interact with unfamiliar peers and adults (Spear 2000) . This change requires that they adjust their behaviour to the novel social context. Animals acquire social skills during this phase that enable them to perceive, process and interpret similar situations during adulthood and to behave in a way which facilitates integration into a social group (Sachser and Renninger 1993) . This kind of social learning may be facilitated in bigger groups since a greater degree of social interactions occurs under these circumstances (Sachser and Pröve 1988) . In mammals, a series of studies have shown the importance of adolescent social experience for adult sexual behaviour and the ability to interact amicably with conspecifics and to integrate into a group (Sachser and Lick 1991; Sachser 1993; Kaiser et al. 2007; Sachser et al. 2011 Sachser et al. , 2013 . Studies on the influence of adolescent social experience on avian adult social behaviour, in contrast, have mainly been restricted to song learning and sexual imprinting (Bischof 1994 (Bischof , 1997 . However, the social environment of birds during adolescence may have a more general effect on social and reproductive behaviour.
Zebra finches (Taeniopygia guttata) are highly social passerines that roost and breed together in colonies. During adolescence (days 40 to 100), the social environment changes drastically since young birds increasingly interact with other flock members, especially peers, instead of spending their time primarily with parents and siblings (Zann 1996) . In a recent study, we have shown that differences in peer group composition during adolescence affect the frequency of courtship and aggressive behaviour in these birds (Ruploh et al. 2013) . Zebra finch males that grew up in a mixed-sex group of conspecifics during their transition to adulthood show lower courtship rates in individual encounters with an unfamiliar female and lower levels of aggressiveness during mate competition than males reared with a single female or a single male; differences that are stable over at least several months. Given the choice to perch close to a group-reared or pair-reared male, females preferred to sit next to pair-reared males in a first test shortly after males reached adulthood (~day 145 of age). This difference disappeared in tests with new females 4 months later. Such differences in attractiveness may be due in part to an effect of social conditions during adolescence on song quality because the presence of male peers during development inhibits the faithful copying of the father's song (Jones et al. 1996; Tchernichovski and Nottenbohm 1998; Gil et al. 2006) .
Pair-reared males are likely to experience greater access to females and higher mating success due to their high courtship activity, high aggressiveness towards mate competitors and the high attractiveness to females. We therefore asked whether the behavioural traits of group-reared male zebra finches have other benefits. From a functional perspective, the observed behavioural differences may represent adaptations to the demands of the anticipated social environment. High courtship and aggressiveness of pair-reared males may be beneficial at low social densities when the opportunity to find a mate is low and there are few male competitors. In contrast, the social behaviour shown by group-reared male zebra finches, characterised by low aggression during mate competition and low courtship activity, may be an adaptation to living in a group. Low levels of aggression towards mate competitors may directly decrease costs of physical conflicts. In addition, a lower courtship rate may reduce costs indirectly by decreasing the likelihood of courting a female that is already paired, which in zebra finches can result in fights with the female's mate and even the female herself (Silcox and Evans 1982; Zann 1996) .
If group-reared male zebra finches are indeed better adapted to group-living conditions, one would predict that these males should integrate more easily into a group of unknown conspecifics. To test this hypothesis, we used the same pair-reared and group-reared male zebra finches that were the subjects in the previous study (Ruploh et al. 2013) and introduced them individually into an established unfamiliar group of conspecifics. As a measure of the focal male's social integration we recorded the males' grouping with conspecifics immediately following introduction and 48 h later. Additionally, we recorded courtship and aggressive behaviour of the introduced males towards the other group members and, as a measure of their acceptance by conspecifics, the aggression they encountered. Earlier studies in mammals (Sachser and Renninger 1993; Meerlo et al. 1996; Bhatnagar et al. 2006) observed that individuals frequently lose weight when encountering socially stressful situations. We therefore measured each individual's weight loss during the experiment as a potential measure of physiological costs caused by exposure to a group of unfamiliar individuals. We predicted that the social experience of male zebra finches growing up in a group of conspecifics prepares the birds for social living and that they therefore integrate more easily into an unfamiliar group of conspecifics than pair-reared animals. This might also be reflected by lesser weight loss in group-reared birds. Assuming that high courtship and aggressiveness inhibit integration into a group, we predicted a negative correlation between courtship rate and grouping and the same between aggressive interactions and grouping.
Methods

Subjects
The 42 domesticated male zebra finches (T. guttata) used in this study were born during the second half of the year 2010 in one of five outdoor aviaries (6 m wide×2 m deep×3 m high) at the University of Bielefeld. Each aviary housed 10 to 15 domesticated adult breeding pairs. The experimental birds were sired by 24 different breeding pairs in 26 broods. All subjects spent the first 38-42 days of life together with their parents, siblings and other zebra finches of different ages and both sexes in the aviary they hatched in. Throughout the entire experiment, the animals received a commercial zebra finch diet (Elles, Mischfutter für Exoten, L. Stroetmann Saat, 48163 Münster, Germany) and drinking water ad libitum. This diet was supplemented with egg food (Cédé N.V., 9940 Evergem, Belgium) and germinated seeds twice a week. Following our standard animal care-taking protocol, bathing opportunities were provided to all birds twice a week.
Treatment
At an age of 38-42 days, male and female offspring were assigned to one of three different social treatments. Males were either kept with a single female (1m/1f), a single male (2m/0f) or together with two other males and three females (3m/3f). A maximum of three siblings from each brood were used. Siblings were never assigned to the same group, and birds within one group did not differ in age by more than 4 days. The experimental groups had auditory but no visual contact. All groups had access to at least two feeding stations during this phase to ensure access to food for each bird and to minimise potential difference in food competition between the groups of different sizes. The birds were kept under these social conditions until adulthood (108-112 days of age). Then the males were housed individually (cage size, 0.3 m wide×0.4 m deep×0.4 m high) with auditory but no visual contact to other birds at a temperature of 22±3°C and a light/ dark cycle of 14:10 h (lights on at 7:00AM) and feeding conditions as described above.
For practical reasons, the study was conducted in two batches. The experimental treatment was identical, but some other aspects differed. Males from batch 1 (N 1m/1f = 8; N 2m/0f = 7; N 3m/3f = 9) were kept in outdoor aviaries (6 m wide × 2 m deep × 3 m high) during their treatment (June-December 2010). Consequently, temperature and light conditions were determined by the local weather and photoperiod. All outdoor aviaries were roofed and had wooden huts with infrared heat lamps to ensure that birds were not directly exposed to rain and cold. Furthermore, aviaries were equipped at various heights with five large boughs with branches. Adolescent males from batch 2 (N 1m/1f = 6; N 2m/0f = 7; N 3m/3f = 5) were kept indoors (October 2010 -February 2011 in standard double cages (0.3 m wide × 0.8 m deep × 0.4 m high) (1m/1f and 2m/0f) or in small indoor aviaries (1 m wide × 2 m deep × 2 m high) (3m/3f) at a temperature of 22 ± 3°C and a light/dark cycle of 14:10 h (lights on at 7:00 AM). Cages contained two perches in the upper half of the cage and two perches in the lower half. Small aviaries were equipped with three branched twigs.
Prior to the measurements reported here, all experimental birds (except one 2m/0f male of batch 2 and one 3m/3f male of batch 1 that replaced males in poor physical condition) had already been the subjects of extensive study of their sexual and aggressive behaviour. These tests ended when all experimental males were about 270 days old (Ruploh et al. 2013 ). Subsequently and before the present experiment began, they were again caged individually as before. In contrast to the previous experiment, where males from both batches were tested at standard ages (Ruploh et al. 2013) , birds differed in age when tested in the present experiment. Males of batch 2 were tested first when they were on average 385 ± 33 SD days old and males of batch 1 had reached a mean age of 530 ± 49 SD days when they were tested. Consequently, males of batch 1 experienced individual housing for 260 days on average, while the experimental birds of batch 2 were housed individually for 115 days prior to the present experiment.
Setup
We measured grouping of experimental males by observing their behaviour when introduced into established groups of six adult male and six adult female zebra finches that were all colony-reared and thus had experience with both male and female conspecifics of different ages. We used three stimulus groups that were kept in visually, but not acoustically, isolated aviaries (2 m wide × 1 m deep × 2 m high). These were each equipped with three perches of 1 m length affixed at a height of 1.6 m, two feeding stations (automatic circular feeders with a central food depot (diameter, 16 cm; height, 20 cm), one on the ground and one on a small table at a height of 60 cm) and three water dispensers (two on the ground and one on the table). Stimulus groups were established 3 weeks prior to the introduction of the first experimental male to allow them to acclimatise to the new environment and to form pairs and other social relationships.
Tests always started between 8:00 AM and 9:30 AM by introducing a single experimental male into one of the three available stimulus groups. Within the aviary, the focal male wore two yellow leg rings for identification. We always tested one male from each experimental group on the same day. Males were distributed pseudo-randomly across the three stimulus groups, so that males from different social rearing conditions were equally often assigned to the three different stimulus groups. Immediately after introducing the subject (t 0 ), we observed him for 30 min; another observation session took place 48 h later (t 48 ). On both occasions, the behavioural measures described in detail below were quantified. After the second observation period, the experimental bird was removed from the aviary. One day later, new experimental birds were tested in the same stimulus groups, resulting in a total experimental period of 42 days.
Measurements
Grouping with conspecifics
As an indicator of the male's social integration in the stimulus group, two parameters were recorded every minute using the instantaneous sampling method (see Martin and Bateson 1993): (1) the number of stimulus birds sharing the same perch as the experimental male. This was considered a group since birds always sat close together with no more than the distance of two body widths to the next neighbour. (2) Whether the experimental male was sitting within a group, at the edge or alone.
Courtship activity
Courtship behaviour was quantified by continuously recording the number of directed song motifs (song uttered when facing a nearby female; Sossinka and Böhner 1980) sung within each of the two observation periods.
Aggressive interactions
To quantify aggressive interactions, we continuously recorded the number of times the experimental males chased a stimulus bird and the number of times they were chased by other birds. A chase was defined as a flight at another bird resulting in the immediate displacement of the chased bird. A chase was considered to be finished when the chased bird landed on a perch, the floor or the aviary walls.
Weight loss
We weighed the experimental males (to the 100 th of a gram) before and after the experiment and calculated weight loss as the percentage of change in body weight relative to the initial weight. Individuals' pre-test body mass was measured shortly before the test started, i.e. between 7:45 and 9:30 AM and posttest weight was determined shortly after the experiment ended, i.e. between 8:30 and 10:15 AM. Initial body weights did not differ significantly between experimental birds (ANOVA, N = 42, F 2,39 = 0.04, p = 0.96).
Data analysis
Data transformation
Since the spatial association with conspecifics was recorded each minute, every observation period produced 30 data points for each of the two grouping parameters. From these, we calculated the average group size each experimental male was sitting in and the percentage of observation time he was sitting alone. The latter occurred in only 5 % of the cases, except for one 2m/0f male who was always sitting alone during the first observation period. Using only the observations when a male was in proximity to other birds (i.e. within a group or at its edge), we calculated the percentage of time he was within the group as opposed to sitting at the edge (The sample size for this measure was reduced by 1 for the first observation period, since there was no data point for the 2m/0f male that was never sitting close to another bird during that period).
Some data had to be transformed in order to achieve equal variances between experimental groups (according to Levene's test) and/or normally distributed residuals (according to Kolmogorov-Smirnov test). The motif rate (number of motifs per min), the number of displayed chases, the number of received chases and the number of times individuals sat alone were log-transformed (after adding a value of 1 to each measure).
Statistics
We calculated linear mixed models with "treatment," "batch" and "observation period" as fixed factors and "bird ID," "date" and "stimulus group" as random factors. The two fixed factors "treatment" and "observation period" as well as the random factor "bird ID" were always kept in the model. For the analyses of weight loss, we did not include "observation period" or "bird ID" since there was only a single measurement for each bird.
Interactions between treatment, observation period and batch and the main effect of batch were always tested first, but excluded from the models and not specifically mentioned in the results if p values exceeded 0.2. Interaction effects were only found for aggression measurements (see "Results"). However, for illustrative purposes, we always present the data in the figures separately for each batch.
Random effects of "date" and "stimulus group" were removed from the models and not specifically mentioned if they were clearly negligible (Wald-Test, N = 42, p > 0.2). A random effect of "stimulus group" was kept only in the model testing the effect on the average group size a male sat in (Wald-Test, N = 42, Z = 1.3, p = 0.18). Similarly, a random effect of "date" was only kept in the model testing the effect on the relative weight loss (Wald-Test, N = 42, Z = 1.8, p = 0.07). In both cases, the inclusion did not change the quality of the treatment effect.
If the final model revealed a significant treatment effect, we calculated post hoc two-sample t tests for pairwise comparisons of experimental groups. To account for multiple testing, we applied a Sidak adjustment.
We furthermore analysed within-individual repeatability across the two observation periods for group size, the time sitting alone and the time spent within a group rather than at the edge by estimating the significance of a random effect of "bird ID" using Wald-tests and by calculating the percentage of variance explained by differences among individuals (Nakagawa and Schielzeth 2010) .
To test whether individual behavioural parameters predicted grouping, we calculated Pearson correlation coefficients (for normally distributed data) and Spearman rank correlation coefficients (for non-normally distributed data). All results are presented as means ± standard errors of the untransformed data. Analyses were performed in SPSSv19, and the significance level α was set at p < 0.05.
Results
Grouping with conspecifics
Social rearing conditions during adolescence influenced the time that male zebra finches spent in the group rather than at the edge (LMM, N = 42, F 2,38.7 = 6.69, p = 0.003, Fig. 1 ). Group-reared males sat more often inside a group compared with 1m/1f and 2m/0f males (two-sample t test with Sidak adjustment, 3m/3f vs. 1m/1f, N = 28, t 26 = 2.68, p = 0.03, 3m/ 3f vs. 2m/0f, N = 27, t 25 = 3.49, p = 0.004). Males from the latter two groups did not differ in this regard (two-sample t test with Sidak adjustment, N = 27, t 25 = 0.83, p = 0.80). In addition, group-reared males spent less time alone (t 0 , 3.1 % ± 1.0 SE; t 48 , 3.6 % ± 1.3 SE) than males reared with a single female (t 0 , 7.1 % ± 3.4 SE; t 48 , 6.0 % ± 0.8 SE) or with a single male (t 0 , 18.6 % ± 8.2 SE; t 48 , 11.7 % ± 5.9 SE), although this difference did not reach statistical significance (LMM, N = 42, F 2,39 = 2.66, p = 0.08). There was no change from the first to the second observation period in the time that males spent inside a group as opposed to the edge (LMM, N = 42, F 1,40.2 = 0.26, p = 0.61) or alone (LMM, N = 42, F 1,41 = 0.13, p = 0.73). Individual differences in the time spent within the group rather than at the edge (random effect of ID, 113.5 ± 50.5 SE, WaldTest, N = 41, Z = 2.80, p = 0.005) and alone (random effect of ID, 0.14 ± 0.05 SE, Wald-Test, N = 42, Z = 3.09, p = 0.002) were repeatable across the two observations periods, explaining 50 % and 55 % of the variance, respectively.
Social rearing conditions showed a significant effect on the average group size a male zebra finch sat in (LMM, N = 42, F 2,35 = 6.21, p = 0.005, Fig. 2 ). Group-reared males (3m/3f) were seen in groups that on average consisted of one more individual than the groups in which pair-reared males (1m/1f and 2m/0f) were observed (two-sample t test with Sidak adjustment, 3m/3f vs. 1m/1f, N = 28, t 26 = 2.72, p = 0.02, 3m/3f vs. 2m/0f, N = 28, t 26 = 3.02, p = 0.009). The mean group size in which 1m/1f and 2m/0f males sat did not differ significantly (two-sample t test with Sidak adjustment, N = 28, t 26 = 0.32, p = 1). The average size of the group in which experimental males were seen did not change between the first and the second observation period (LMM, N = 42, F 1,41 = 0.05, p = 0.8). Individual differences in average group size was consistent across the two observation periods (random effect of ID, 1.95 ± 0.55 SE, Wald-Test, N = 42, Z = 3.53, p < 0.001), explaining 66 % of the variance.
Courtship activity
Male zebra finches that grew up under the three different social conditions described above did not differ significantly in their motif rate when introduced into an unknown mixed-sex group Fig. 1 Percent of time males spent within a group of conspecifics (rather than at the edge) directly after the introduction to the group of conspecifics (x=0 h) and 2 days later (x=48 h). Data are presented separately for batch 1 (left plot) and batch 2 (right plot). 1m/1f= male raised with a single female, 2m/0f=male raised with a single male, 3m/3f=male raised with two males and three females. Shown are means±SE; for statistics, see text of conspecifics (LMM, N = 42, F 2,39 = 0.2, p = 0.8, Fig. 3 ). Regardless of their early social experience, males decreased their motif rate significantly from the first observation period directly after introduction into the group to the second observation period 48 h later (LMM, N = 42, F 1,41 = 73.5, p < 0.0001).
Aggressive interactions
The effect of social rearing conditions on aggressive behaviour displayed by experimental males tended to differ between batches and observation periods (batch × observation period × treatment interaction, LMM, N = 42, F 2,36 = 2.4, p = 0.10, Fig. 4 ) and the effect on aggression received by other group members was significantly different between batches and observation periods (batch × observation period × treatment interaction, LMM, N = 42, F 2,36 = 5.1, p = 0.01, Fig. 5 ). We therefore analysed treatment effects on aggression separately for both batches.
In batch 1, male zebra finches that either grew up with a single female (1m/1f) or a single male (2m/0f) showed a relatively high level of aggressiveness directly after introduction into the new group but less so 48 h later, whereas males that spent their adolescence in a mixed-sex group of conspecifics Fig. 2 Average group size in which males were observed directly after the introduction to the group of conspecifics (x=0 h) and 2 days later (x=48 h). Data are presented separately for batch 1 (left plot) and batch 2 (right plot). 1m/1f=male raised with a single female, 2m/0f=male raised with a single male, 3m/3f=male raised with two males and three females. Shown are means±SE; for statistics, see text Fig. 3 Number of courtship motifs sung per minute directly after the introduction to the group of conspecifics (x=0 h) and 2 days later (x=48 h). Data are presented separately for batch 1 (left plot) and batch 2 (right plot). 1m/1f=male raised with a single female, 2m/0f=male raised with a single male, 3m/3f=male raised with two males and three females. Shown are means±SE; for statistics, see text (3m/3f) maintained a low level of aggressiveness over both observation periods (treatment × observation period interaction, LMM, N = 24, F 2,21 = 17.6, p < 0.001, Fig. 4 left) . Analyses for each of the three treatments separately showed that aggressiveness decreased significantly in pair-reared males over time (LMM, 1m/1f, N = 8, F 1,7 = 32.7, p < 0.001; 2m/0f, N = 7, F 1,6 = 26.0, p < 0.001), but did not change in group-reared males (LMM, N = 9, F 1,8 = 2.5, p = 0.15). In batch 2, there were no such effects (treatment × observation period interaction effect, LMM, N = 18, F 2,15 = 0.1, p = 0.9; observation period, N = 18, F 2,17 = 3.0, p = 0.1; treatment, N = 18, F 2,15 = 0.1, p = 0.9; Fig. 4, right) .
Only in batch 1 did the treatment affect how received aggression changed over time (treatment × observation period interaction; LMM, N = 24, F 2,21 = 4.16, p = 0.03, Fig. 5 left) . 2m/0f males were chased relatively often by conspecifics at the first observation period and less than 48 h later (LMM, N = 7, F 1,6 = 19.7, p = 0.004). Similarly, 1m/1f males received a high amount of aggression during the first observation period, which declined (although not significantly) within the following 48 h (LMM, N = 8, F 1,7 = 3.4, p = 0.11). In contrast, 3m/3f males received relatively constant and infrequent aggression during both observation periods (LMM, N = 9, F 1,8 = 0.25, p = 0.63). Again, in batch 2, no such effects were observed Fig. 4 Number of initiated chases per minute directly after the introduction to the group of conspecifics (x=0 h) and 2 days later (x=48 h). Data are presented separately for batch 1 (left plot) and batch 2 (right plot). 1m/1f=male raised with a single female, 2m/0f=male raised with a single male, 3m/3f=male raised with two males and three females. Shown are means±SE; for statistics, see text Fig. 5 Number of received chases per minute directly after the introduction to the group of conspecifics (x=0 h) and 2 days later (x=48 h). Data are presented separately for batch 1 (left plot) and batch 2 (right plot). 1m/1f=male raised with a single female, 2m/0f=male raised with a single male, 3m/3f=male raised with two males and three females. Shown are means±SE; for statistics, see text (treatment × observation period interaction; LMM, N = 18, F 2,15 = 1.9, p = 0.2; observation period, N = 18, F 2,17 = 0.2, p = 0.7; treatment, N = 18, F 2,15 = 0.6, p = 0.5; Fig. 5, right) .
We unfortunately did not systematically record the gender of the stimulus birds that were involved in aggressive interactions with the experimental males. However, it was very clear during the observations that experimental males primarily chased stimulus males, whereas experimental males themselves were chased almost exclusively by females, especially when the males courted them.
Weight loss
All males lost weight during the 48-h observation period. However, relative body weight loss was affected by social rearing conditions (LMM, N = 42, F 2,26 = 6.68, p = 0.005, Fig. 6 ). Group-reared males lost significantly less weight than males reared with a single male during adolescence (two-sample t test with Sidak adjustment, N = 28, t 26 = 3.62, p = 0.004) and considerably (although non-significantly) less than males reared with a single female (two-sample t test with Sidak adjustment, N = 28, t 26 = 2.25, p = 0.096). The latter two groups did not differ in the relative amount of weight they lost during the experiment (two-sample t test with Sidak adjustment, N = 28, t 26 = 1.37, p = 0.45). The date on which birds were introduced into the groups had a borderline nonsignificant influence on their weight loss (Wald-Test, N = 42, Z = 1.8, p = 0.07) and was therefore kept as a random factor in the final model. When we excluded the random effect of date, the treatment effect was still significant and there was still no batch effect. After the experiment, all males reached their preexperimental body weight within a few days.
Correlation between grouping with conspecifics, courtship, aggression and weight loss Here, we only summarise the most important correlations. For a complete overview and statistics, see Table 1 . During the first observation period, the relative time experimental males spent within a group correlated positively with the number of directed motifs sung. This relationship disappeared in the second observation period. There was no correlation between either the percentage of time sitting alone or the average group size in which a male sat and the number of directed motifs at either observational period.
The aggression displayed by experimental males was correlated neither with average group size nor with the percentage of time males sat alone or spent within the group as opposed to the edge, at either observational period. Across all males, received aggression and average group size correlated negatively during the first observation period as well as 48 h later, yet there was no relationship with the percentage of time males spent alone or within the group rather than at the edge. The correlations with displayed and received aggression did not differ when analysed for batch 1 and batch 2 separately.
During the first observation period, experimental males that chased others more often were also those that received more aggression directly after being introduced into the group of conspecifics. This relationship was no longer detectable 48 h later. Males that were seen in smaller groups directly after the introduction tended to lose more weight over the course of the experiment, but weight loss was not significantly correlated with any other behavioural measure.
Discussion
We reared adolescent male zebra finches in small mixed-sex groups (three males and three females) or as pairs (one male/one female or two males) and exposed them as adults individually to a mixed-sex group of unfamiliar conspecifics to investigate their grouping with conspecifics as an indicator of their social integration. Our experiment clearly showed that male zebra finches reared in small mixed-sex groups (3m/3f) during adolescence spent more time within groups of other flock members and were seen in larger groups than birds of both pair-reared conditions. Group-reared males thus seem better socially integrated, although so far we have observed only spatial association patterns. Additionally, group-reared males lost considerably less weight after introduction to the flock than those of the other treatments, presumably because they experienced the situation as less challenging (see below). We predicted that differences in courtship and aggressiveness between experimental males result in differences in social integration which, however, seems unlikely: Males from all social rearing conditions started with equally high levels of courtship song at the introduction into the group and reduced their motif rates similarly 48 h later. Males reared in mixed-sex groups were less aggressive and received less aggression at introduction compared with pairreared males, but this effect was only seen in batch 1 and not in batch 2. Also these differences in aggression disappeared after 48 h, whereas differences in grouping remained stable.
As far as we know, this is the first study showing that grouping with conspecifics in a bird species is specifically affected by social experience during adolescence. Lifelong consequences of the social environment during adolescence on social behaviour and sociality have mostly been studied in non-human mammals including guinea pigs (Sachser 1993) , hamsters (Delville et al. 1998) , rats (Buwalda et al. 2005; McCormick et al. 2008 ) and mice (Sterlemann et al. 2010) , mostly in the context of social stress Sachser et al. 2011) . Adolescence is considered a very important developmental phase and attracts a lot of interest also in humans (Susman 1997; Spear 2000; Blakemore 2008 ), but experimental studies on the effect of adolescent social experience on adult behaviour are very rare (Nelson et al. 2005; Gladstone et al. 2006) . So far, studies in birds on the effects of social experience during adolescence have concentrated on the development of social behaviour in a specific sexual context such as sexual imprinting or song learning (Bischof 1994; Bischof 1997) . Our results indicate a broad impact of early social experience on adult social behaviour in birds and suggest that adolescence is generally an important developmental phase across vertebrates.
As mentioned above, we found in our previous experiments that group-reared males show less courtship and aggression than pair-reared males, and we therefore proposed that this could positively affect their social integration (Ruploh et al. 2013 ). The present experiment, however, suggests that the frequency of courtship song cannot explain why males from different adolescent social backgrounds differed in how they grouped with conspecifics: Even though males reared in groups associated more with others as predicted, they did not differ in courtship rate from males raised in pairs. Also, unexpectedly, the frequency of courtship song was not Upper values correspond to t 0 and lower values to t 48 . Significant correlations are displayed in bold and significance levels are indicated by asterisks. Shown are Pearson correlation coefficients, except for correlations including "motifs" and "displayed aggression" at t 48 , which show Spearman rank correlation coefficients. N=42 for all correlations, except for those including "time within group" at t 0 , where N=41 *p<0.1; **p<0.05; ***p<0.01; ****p<0.001
negatively correlated with the time individuals spent within the group. There was even a positive relationship between the number of motifs uttered and the percentage of time males spent within a group directly after introduction into the group. High courtship activity therefore did not negatively affect grouping but may even have enhanced it. Alternatively, cause and effect may be reversed, so that pair-reared males had less opportunity to show courtship behaviour because they were less well integrated. This effect may have abolished the previously observed differences in courtship activity since females were forced to always stay next to the males in the behavioural tests of our earlier study and males did not have to actively approach females in order to court them (Ruploh et al. 2013 ).
Male social integration may have been negatively affected by aggression of other group members since the males that were chased the most were also observed in the smallest groups. However, this correlation cannot explain treatment differences in social integration: Social integration measures (sitting within a group and group size) differed consistently between treatments in both observation periods and both experimental batches, but pair-reared males were chased more by other group members only during the first observation period and only in batch 1.
Aggression displayed by experimental males was not correlated with any measure of social integration and differed between experimental males only during the first observation period in batch 1. Pair-reared males from batch 1 may have reacted to the high amount of aggression received from other group members by reducing their own aggression over time. Yet, this did not improve their social integration since pair-reared males were still more often on the edge or alone than groupreared males during the second observation session. Differences in aggression displayed by males thus cannot explain the treatment effect on how males grouped with other birds.
It is important to emphasise that pair-reared males of both batches were consistently more aggressive than group-reared males in our previous study when competing with one male of each treatment over access to a single female in a small cage (Ruploh et al. 2013 ). We do not have an obvious explanation for the batch difference in aggressive behaviour in the current study. Adolescent social conditions were the same in both batches, and birds in both batches could hear but not see other birds. However, for practical and methodological reasons, males from batch 1 experienced adolescent social conditions in large outdoor aviaries in the summer, whereas those from batch 2 were exposed to the experimental conditions indoors in cages and small aviaries in a single room during the winter (see "Methods"). As a consequence, birds from batch 2 were closer to other birds both within their own cage and the experimental room and may thus better tolerate the close proximity of conspecifics than males of batch 1 that were used to more space in the large aviaries they were housed in. Also, males of batch 1 were on average 145 days older and had been housed individually for 145 days more than males of batch 2 when they were tested in the present experiment. Since social isolation appears to increase the sexual motivation of male zebra finches (Pröve 1987) and may thus reduce the tolerance of mate competitors, the extended period of individual housing of batch 1 males may have led to higher levels of aggressiveness at the first observation period. Thus, differences in housing conditions and the duration of individual housing could explain why only males of batch 1 differed in aggressiveness. Finally, males of batch 1 were tested after males of batch 2, so that a change in the behaviour of the stimulus groups over time could account for the batch differences.
We previously found that group-reared males consistently showed less courtship when they were exposed singly to an unfamiliar female. Similarly, they were less aggressive when competing with males of the two pair-rearing conditions over access to a single female (Ruploh et al. 2013 ). The present study shows that males are able to adjust aggressiveness and courtship flexibly to the social context. We no longer observed differences in courtship behaviour and only limited differences in aggressiveness when testing males in a larger social group over several days. Also, courtship and aggressive behaviour were rapidly adjusted from the first to the second observation period. Males may thus differ in the ability to adjust their behaviour to the social context, and this may explain differences in social integration. Pair-reared males never experienced mate competition during adolescence and did not have the opportunity to compare solicitation and rejection behaviour of different females in response to their courtship, whereas group-reared males had encountered such situations regularly. This may have facilitated the development of more complex social cognitive abilities in groupreared males so that they were more skilled in directing courtship and aggressive behaviour with adequate timing to appropriate individuals. A study in adult brown-headed cowbirds (Molothrus ater) revealed that males from dynamic, i.e. more variable social environments, take more care as to which female they address their courtship song, while males from stable, i.e. less variable social environments, sing a similar amount of courtship song but directing it less selectively to different females when tested in a mating competition experiment (White et al. 2010 ). An experiment in damselfish Stegastes nigricans has shown that a greater amount of social experience early in life enables males to better choose the optimal timing of courtship (Karino 1995) . It will therefore be interesting to study whether group-reared male zebra finches are better able to determine whom, when and how they court or attack in different social situations and whether possible differences in such skills between males with different social background can account for their difference in social integration.
Finally, the differences in social integration may not only be caused by differences in the ability to interact with conspecifics. Animals might also differ in their preference to associate with others. Pair-reared male zebra finches were only exposed to a single male or single female during their entire adolescence. The social situation they encountered in the experiment might thus have been unfamiliar and uncomfortable for them so that they tried to avoid being close to conspecifics. In contrast, groupreared males were already familiar with a group-setting which probably made the situation more agreeable for them. It therefore seems plausible that at least part of the difference in social integration between male zebra finches may be explained by a difference in gregariousness. Individual differences in gregariousness between (Goodson and Kingsbury 2011) and within (Godde et al. 2013 ) species are well known, but experimental studies of within-species variation in gregariousness due to different social experience are scarce (Chapman et al. 2008) . Recent field studies have shown that wild zebra finches not only breed in colonies as usually reported (Zann 1996) , but also in solitary nests Griffith 2012, 2013) . The social experience adolescent zebra finches gain under such conditions may thus be limited in the wild as well, with similar long-lasting consequences as in our experiments which may explain some of the naturally occurring variation in sociality among birds.
Inter-and intraspecific variation in sociality and gregariousness has been found to be linked to variation in neuroendocrine mechanisms (Young 2002; Kelly et al. 2011; Goodson et al. 2012) . It is not known how these might be influenced by individual social experience during ontogeny, but our results suggest that the zebra finch is a highly suitable model to study this in more detail.
Adult body weight regulation, activity and foraging strategies can be influenced by early social or nutritional conditions (Krause et al. 2009; Naguib et al. 2011; Riebel et al. 2012) . We found that pair-reared males lost more weight than groupreared males, suggesting that they either strategically reduce body mass (McNamara and Houston 1990) or have more difficulty than group-reared males to adjust to the conditions of the present experiment. Several studies in small birds find that dominant individuals lower their weight (Ekman and Lilliendahl 1993; Witter and Swaddle 1995; Cuthill et al. 1997 ), but such adjustments take much longer than the 48 h of our experiment. It therefore seems more likely that pairreared males lost more weight because they coped less well with the new situation. Early nutritional conditions can affect adult flight performance (Criscuolo et al. 2011 ). When we moved the birds from cages to aviaries, they probably increased flight activity and foraging effort, explaining part of their weight loss. It is, however, unclear why this effect should be stronger in pair-reared males. In addition, pair-reared males were involved in more agonistic interactions which may have led to greater energy expenditure. This seems an unlikely explanation for increased weight loss since displayed and received aggression were not correlated with weight loss. Finally, birds that were seen in the smallest groups lost the most weight, suggesting that the social context was important for the observed effect on weight loss. Hence, we believe it is most likely that adolescent social conditions shaped adult responsiveness to challenging conditions, especially the social setting.
Stress frequently leads to a reduction in activity and foraging behaviour and increases the release of glucocorticoids which promotes mobilisation of energy resources (Sapolsky et al. 2000) . This often results in greater weight loss, especially under chronic stress (Sachser and Lick 1989, 1991; Rich and Romero 2005; Cyr et al. 2007 ). We therefore suggest that our birds' adult stress responsiveness to social stimuli was shaped by their social experience during adolescence, as shown for guinea pigs (Sachser and Lick 1991) . Such an effect of social stimulation during adolescence on stress responsiveness may even not be restricted to challenges in a social context since other studies found that social stimulation early in life may result in a general decrease in adult stress responsiveness (Lürzel et al. 2010; Lürzel et al. 2011; Banerjee et al. 2012) . It should, however, be emphasised that a stronger stress response to novel social situations in pair-reared animals does not necessarily mean that they are less well adapted in general. Although glucocorticoids are frequently released in stressful situations, the physiological response to stimuli that are usually not considered to be stressors (e.g. a female) can be as strong as that of negative stimuli . In earlier studies on guinea pigs, it was proposed that the regulation of glucocorticoid release by social experience during adolescence is an adaptive mechanism to adjust courtship and aggressiveness to the social context ). According to this idea, a higher responsiveness in pairreared male zebra finches may be beneficial in situations where the access to potential mates is limited (e.g. in low densities) by resulting in a stronger increase of glucocorticoid levels, which helps to sustain high courtship activity and aggressiveness towards competitors.
In conclusion, our study shows that adolescence is an important phase that shapes avian social behaviour. Group experience early in life seems to increase the motivation or ability of individuals to associate with conspecifics and may thereby enable them to better integrate into social groups during adulthood. In contrast, individuals without such experience group less with others, and their physical condition is negatively affected. Although social rearing conditions clearly affect courtship and aggressive behaviour in a different social context, these behaviours do not seem to be able to explain the effect of adolescent social experience on adult grouping. Future studies should therefore test whether zebra finches with different social experience not only differ in their ability but also in their preference to associate with larger social groups. In addition, social skills should be measured in greater detail by analysing how individuals adjust their courtship and aggressive behaviour flexibly to the social context. Since we have concentrated on males thus far, it would be interesting to see whether the effects we observed can also be found in females, considering that costs and benefits of sociality are likely to differ between sexes. From a functional and evolutionary perspective, it would be important to assess the consequences of differences in social integration on reproductive success in different adult social environments.
Ethical standards According to German animal protection laws, social rearing conditions and behavioural tests applied in this study are not considered experimental procedures that require specific approval by an ethical committee. Animal facilities were approved (dated 18 April 2002) for keeping and breeding zebra finches for research purposes by the local government authority responsible for health, veterinary and food monitoring (Gesundheits-, Veterinär-und Lebensmittelüberwachungsamt Stadt Bielefeld).
Zebra finches are highly social birds that roost and breed together in large colonies. The social group sizes in the present experiment are thus representative of what may occur in a natural situation. Zebra finches are generally tolerant of conspecifics and excessive and severe aggression occurs only rarely, if at all. In the present experiment, only low-intensity aggressive behaviour such as threats and chases were observed, all occurring with modest frequency. The experimental setup ensured enough space to allow birds to easily escape from any antagonistic interaction. An intervention by the experimenter to prevent physical harm to the animals was not necessary at any time. The number and distribution of food and water dispensers assured access to food and water for all birds without risk of competitive exclusion, and all experimental animals were observed to feed during the observation periods. It is thus unlikely that the observed changes in body weight are the result of an inability to reach food or water.
All birds were visually inspected on a daily basis (including weekends) by the experimenter and/or an animal caretaker. Any injuries or other health issues (recognisable by fluffed up or lethargic appearance) would have resulted in immediate removal from the experimental setting, but this was not necessary at any time.
After the experiment, stimulus birds were housed in large aviaries (3 × 3 × 3 m) separated by sex. Experimental males were individually caged and monitored for at least 1 week before being given the opportunity to breed in large outdoor aviaries. During this week, all experimental males reached their pre-experimental weight again.
Further details of breeding and housing conditions are described in the respective method sections.
